We evaluated a 13-month-old boy with cytoplasmic inclusions in hematopoietic cells, transfusion-dependent anemia. splenomegaly, and striking grey skin discoloration. Bright blue inclusions, 1 to 5 p m in diameter, were observed, primarily in the cytoplasm, of 30% to 4 0 % of myeloid cells and in occasional monocytes, megakaryocytes, and lymphocytes on Wright Giemsa-stained bone marrow and blood smears. They occasionally involved the nucleus. The inclusions lacked lysosomes, polysaccharides, or lipids. Ultrastructurally, they lacked limiting membranes and consisted of tightly packed microfilaments averaging 7 nm in diameter, consistent with the size of actin monofilaments. On light microscopy, the inclusions stained with a monoclonal antibody to muscle-specific actin. Inclusion-positive cells contained
RlBElRO ET AL
Obvious grey skin discoloration covers the patient's face (before a transfusion) at age 4 months. was 6.2 g/dL, WBC 9 x I0"L and the platelet count 16 x 10"L NRBCs totaled 48%.
The patient was referred to St Jude Children's Research Hospital (SJCRH) at 13 months of age. The temperature was 36.8"C. pulse was 152, and the respirations were 48. The blood pressure was I IO/ S8 mm Hg. The weight was 10.6 kg (at the 50th percentile for his age) and height 76.4 cm (25th percentile).
On physical examination the boy was active and cooperative: neither skin discoloration nor petechiae were present. There was no lymphadenopathy, the liver was palpable I cm below the right costal margin, and the spleen was palpable 3 cm below the left costal margin. The remainder of the physical examination. including a detailed neurologic examination, was negative. Results of the laboratory investigation are described in the Results section.
At the time of the last follow-up (October 1993). the Hb levels remain in the normal range without packed red blood cell (PRBC) transfusions, and the patient's liver and spleen have returned to normal sizes. The hematopoietic cell inclusions in his peripheral blood and bone marrow cells persist, although the proportions of cells containing inclusions have decreased over time (see Results).
Preparation of Blood and Marrow Cells ,for Examination
Bone marrow and blood smears were stained with Wright Giemsa stain using standard methods. Bone marrow biopsy specimens for histologic sections were fixed in B5 solution and processed by routine procedures.
Immunohistochemical Studies
Immunohistochemistry was performed on a bone marrow biopsy specimen using the avidin-biotin-complex technique with an Elite Vectastain Kit (Vector Laboratorier, Burlingame. CA) and primary monoclonal antibodies against vimentin (clone V7. 1:10 dilution: Dako, Carpenteria, CA) and muscle-specific actin (clone HHF35.
Enzo. New York, NY). Purified myeloma protein MOPC-21 (Sigma. St Louis. MO) was substituted for the primary antisera as a negative control, and sections of skin and skeletal muscle were stained with antivimentin and antiactin. respectively. as positive controls. The muscle-specific actin antibody recognizes an epitope found in 42-kD a and y isotypes of skeletal. cardiac, and smooth muscle.
Preparation of Blood and Bone Marrow Cells for Electron Microscopy
Bone marrow and blood for special studies were collected in heparinized syringes after informed consent was obtained from a parent. The blood and bone marrow were centrifuged at 1.480~ for 3 minutes. and the huffy coat was removed and fixed in 3 9 glutaraldehyde/O. I moln cacodylate buffer (pH 7.35) for 10 minutes at room temperature. The specimen was minced on dental wax with a razor blade. fixed in 3% glutaraldehyde/O.l molL cacodylate buffer (pH 7.35) for I hour at 4°C. rinsed in 0.1 molL cacodylate/ sucrose media, and post-fixed for I hour in 1% OsO, in 0.1 molL cacodylate buffer (pH 7.35). All specimens were routinely dehydrated in a graded ethanol series and propylene oxide and embedded in Spurr low-viscosity medium (Polysciences. Warrington. PA). Thin sections (S0 to 70 nm) were obtained with a diamond knife and stained with lead citrate and methanolic uranyl acetate. All specimens were examined under a Zeiss EM 109 electron microscope at an accelerating voltage of 50 V.
.
Preparation qf Blood Cells for Fluorescence Microscopy
Patient and control cells were shipped from Memphis. Tennessee to Birmingham, Alabama and processed within 6 hours of blood collection. Both patient and control cells were shipped at exactly the same time and handled in the same way. Actin polymerization response was analyzed by flow cytometry on a Becton Dickinson fluorescence-activated cell sorter (FACS)/Star (Mountain View. CA) and by direct photomicroscopy using a Nikon Optiphot fluorescence photomicroscope at 5,000 X magnification.
Neutrophils were isolated to 95% purity on endotoxin-free medium mini-percoll gradients as previously de~cribed.~ The neutrophils were not exposed to hypotonic lysis. Purified endotoxin-free polymorphonuclear (PMN) leukocytes were resuspended in Hanks' balanced salt solution with divalent cations, exposed to IO" formylmethionyl-leucyl-phenylalanine (FMLP). fixed, stained with NBDphallacidin. an F-actin-specific fluorophor (Molecular Probes, Eugene, OR), and analyzed by flow cytometry as previously described.'." Flow cytometric examination of NBDphallacidin-stained neutrophils, used to study the chemotactic peptide-induced actin polymerization response, allows a functional response analysis of as few as 5,000 neutrophils. Further. since the FACS generates histograms of F-actin content among the neutrophils. it allows for functional analysis of subsets of neutrophils and can be used to sort and purify functionally distinct subsets as well. F-actin was expressed as relative F-actin content (the ratio of mean fluorescence channel number of cells at a specific time after FMLP addition) divided by the mean fluorescence channel number of cells at T = 0 (before FMLP addition). Basal F-actin content refers to F-actin levels in patient's and control's neutrophils exposed to dimethyl sulfoxide (DMSO), the carrier solvent for FMLP. NBDphallacidin "bright" cells (high F-actin content) and NBDphallacidin "dull" cells (low F-actin content) were separated on a Becton-Dickinson FACSIStar. NBDphallacidin was also used to label cells to track FMLP-induced actin polymerization. Patient and control cells were untreated (basal state) or exposed to I W 7 FMLP. Both populations of cells were sorted according to NBDphallacidin brightness, then cytospun onto scmiquantitative scale. In vitro chemotaxis was evaluated hy the coverslips. These samples were examined by fluorescence micros-micropore filter method described by Boyden.': copy to score the incidcnce of PMNs with inclusions relative to the NBDphallacidin brightness (ic, F-actin content).
RESULTS

Plrltelet Aggregation Studies Lixht Microscopy
To evaluate platelet aggregation. epinephrine, arachidonic acid.
adenosine diphosphate (ADP). and ristocetin were added to the paticnt's platelet-rich plasma as previously reported."' Blood. Smears showed normochromic. normocytic RBCs with slight anisocytosis and poikilocytosis. and minimal polychromasia. Leukocytes were present in normal num-
Studies of Neutrophil Migrtrtion
A Rebuck skin window technique was used as previously described." Coverslips were changed after contact with the paticnt's For personal use only. on October 22, 2017. by guest www.bloodjournal.org From One of the cells is karyorrhectic (K) and has intranuclear inclusions (arrow). (B) A portion of a neutrophil with a filamentous inclusion, which lacks limiting membrane, excludes other cytoplasmic organelles, and is located just beneath the plasmalemma (in contrast t o a more central location for many of the inclusions). At high magnification, the filamentous (arrows) and particulate (arrow heads) nature of the inclusion is evident. The filaments and particles average 7 nm in diameter.
bers. Many of the neutrophils, some eosinophils and basochanges were observed in neutrophils. Platelets were low to phils, occasional monocytes, and rare lymphocytes contained normal in quantity and had normal cytologic features. The single cytoplasmic inclusions, which were oval or round, proportion of blood cells containing inclusions as a function noncrystalline, 0.5 to 3 pm in diameter, and appeared bright of age is shown in Table I . blue after Wright Giemsa staining ( Fig 2B) . No dysplastic Bone marrow. The bone marrow aspirate smears were hypercellular. Megakaryocytes were present and appeared morphologically normal except for one cell, which contained a giant inclusion (not shown). Myelopoiesis was active, and there was a left-shift with slightly increased numbers of myeloblasts. Inclusions, as described in the blood leukocytes, were present in all stages of myelopoietic cells (Fig  2A) . Some of the myeloblasts were binucleate. Eosinophils and their precursors also contained the inclusions (Fig 2) . Erythropoiesis was orderly, but many of the normoblasts had atypical cytology, including multinucleation and asynchrony of hemoglobin development with delayed nuclear maturation within basophilic and polychromatophilic normoblasts. Rare basophilic normoblasts (Fig 2A) and orthochromatic erythroblasts were found to contain a giant inclusion. Histiocytes were few in number, and those examined did not contain inclusions. Table 2 shows the proportion of various cell types in the bone marrow that contained the giant inclusions. The inclusions failed to stain with myeloperoxidase, Sudan black B, naphthol-ASD-chloracetate esterase, a-naphthyl-acetate esterase, a-naphthyl-butyrate esterase, or acid phosphatase. Immunoperoxidase studies of a bone marrow biopsy showed no staining of leukocytes with monoclonal antibodies to vimentin. In scattered leukocytes membrane and cytoplasmic inclusions reacted with muscle-specific actin monoclonal antibody ( Fig 2C) .
Electron Microscopy
Bone marrow examination showed promyelocytes, myelocytes, and segmented neutrophils, early and mature eosinophils, and monocytes, containing characteristic cytoplasmic inclusions. Cytoplasmic granules, endoplasmic reticulum, Golgi complex, and mitochondria appeared normal for appropriate cell types. Many neutrophil precursors (promyelocytes and myelocytes) contained large cytoplasmic inclusions, usually circular, varying from less than 1 pm to 5 pm in diameter (Fig 3A through C) . These inclusions, which were not membrane bound, displaced granules and other cytoplasmic organelles (Fig 3A through D) , although occasionally granules were trapped within them. They contained fine particulate and filamentous structures measuring 7 nm in diameter (Fig 3B) . The particulate material was presumed to be filaments in cross section. The size of the filamentous structures was consistent with that previously described for actin.I3 Approximately half of the myeloid cells contained these inclusions. Most were centrally located (eg, 1 to 3 pm from the plasmalemma), although 10% to 20% of the cells contained very peripheral inclusions. In rare instances inclusions were also present within the nucleus, and displaced chromatin material (Fig 3A) .
The inclusions were also seen in myeloid cells of blood specimens: however, the number of cells with inclusions with the light microscopy findings described above in appeared to be fewer than in bone marrow. Monocytes ( Fig Table   1 .
3D) and eosinophils as well as rare lymphocytes and erythroid precursors were identified with inclusions. Also. inclu-Neutrophil F-Actin Conterlt curd Actin Po/wreri:ntiorr sions were decreased in blood samples obtained at 2 years The relative F-actin content of the patient's neutrophils of age compared with those at 13 months of age, consistent before and 0 to 30 seconds after IO" FMLP activation at For personal use only. on October 22, 2017. by guest www.bloodjournal.org From 25°C is shown in Fig 4, and the histograms of F-actin content for 5,000 cells at T = 0 seconds and 5,000 cells at T = 30 seconds are shown in Fig 5. The mean rate of Fh4LP-induced actin polymerization (evidenced by an increase in relative F-actin content) and the mean maximum extent of actin polymerization in the patient's neutrophils (2.2% increase in Factin content per second and a maximum F-actin content of 1.33-fold of basal levels) were each about one-half that observed in control neutrophils (4.0% increase in F-actin per second and a maximum F-actin 1.92-fold basal), as previously reported.'4"* The mean basal F-actin content in the patient's neutrophils was similar to that in normal neutrophils. However, unlike the F-actin histogram ( Fig 5) of basal control neutrophils which has a normal distribution, the patient's histogram shows a bimodal distribution of F-actin. The patient's neutrophils included not only an F-actin ''dull" group of cells (57.5% If: 2.5% of cells in three flow-cytometric cell counts of the sample) similar to unimodal control neutrophils, but also an F-actin "bright" group (42.03% of cells in three cell counts), with a basal F-actin content twofold greater than that of control neutrophils. Furthermore, the rate and maximum extent of formyl peptide-induced actin polymerization in the F-actin "dull" neutrophils was similar to control neutrophils (rate = 5.0% increase in F-actin per second; maximum extent = 2.03-fold basal), whereas rate and extent were markedly reduced in the F-actin "bright" neutrophils (rate = 0.5% increase in F-actin per second; maximum extent = 1.10-to 1.14-fold basal; Fig 4) .
Since the inclusions were observed by Wright Giemsa stain in a subpopulation of the patient's neutrophils, the relationship of this subpopulation of inclusion-positive neutrophils to the F-actin "bright" or "dull" group of cells and to the actin polymerization response of the neutrophils was evaluated. On fluorescence microscopy of the patient's NBDphallacidin-stained neutrophils, 43% contained a discrete cytoplasmic fluorescent "ball," which varied in size among the cells (Fig 6) .
To determine the relationship of the F-actin inclusionpositive neutrophils to the subpopulation of patient's neutrophils with elevated basal F-actin content (bright fraction) and defective actin polymerization response, NBDphallacidinstained PMNs were FACS sorted into F-actin "bright" and F-actin "dull" fractions and analyzed by differential interference contrast and fluorescence microscopy. Eighty-five percent of the patient's F-actin "bright" neutrophils contained a discrete NBDphallacidin-positive inclusion. By contrast, only 3% of the patient's F-actin "dull" neutrophils contained NBDphallacidin-positive inclusions (Table 3) . Similarly, as demonstrated by flow cytometric sorting (Fig   4) , the F-actin "bright" cells did not increase their F-actin content in response to FMLP activation. In summary, these studies showed that a subpopulation of the patient's neutrophils with an elevated basal F-actin content occurred at a frequency similar to that of inclusion-positive cells on Wright Giemsa stain. Differential interference contrast imaging showed that the subpopulation contained inclusions that stained with NBDphallacidin and were functionally defective in actin polymerization response. Therefore, we conclude that the inclusions were rich in actin, and that cells with the inclusions have elevated basal actin content and defective actin polymerization.
Platelet Aggregation
The patient's platelets failed to aggregate normally with ADP in high concentration (2.5 pmol/L) or ristocetin (1.5 mg/mL) or epinephrine (5 pmoliL), but aggregated normally with arachidonic acid (1 mmol/L) or ADP in low concentration (1.25 pmoVL).
Light transmittance of platelet-rich plasma from the patient in comparison with that from controls showed a reduction of 24% after addition of ristocetin, 20% after adrenalin, and 42% after ADP (concentration 2.5 pmoIL).
Neutrophil Migration
The results of studies of neutrophil migration in a Boyden chamber are summarized in Table 4 . A delay is noted in migration of the patient's neutrophils and monocytes compared with those of the controls. Abnormal results of Rebuck skin window studies are summarized in Table 5 .
DISCUSSION
We have identified F-actin as the major component of giant inclusions in hematopoietic cells observed in a unique patient with a history of red blood cell transfusion requirements and unusual grey skin discoloration. Extensive studies of the patient's inclusion-containing blood cells, using electron microscopy, actin-specific monoclonal antibodies, and NBDphallacidin stain for actin, showed that the unusual inclusions occurred in a variety of hematopoietic cell types including neutrophils, eosinophils, and monocytes. Rarely, lymphocytes, erythroid precursors, and megakaryocytes contained the inclusions in Wright Giemsa stained smears. Ultrastructural studies demonstrated 7 nm filaments comparable with the size of actin monofilaments. The lack of a limiting For personal use only. on October 22, 2017. by guest www.bloodjournal.org From membrane surrounding the inclusions indicated that they did not result from endocytosis but were formed de novo in the cell cytoplasm. The presence of filaments and absence of a limiting membrane distinguished the inclusions from Chediak-Higashi granules and Alder-Reilly bodies. The lack of reactivity with a vimentin-specific monoclonal antibody and the lack of filaments greater than 10 nm in diameter indicate that the inclusions did not contain intermediate filaments.
Further, the lack of ribosomes or endoplasmic reticulum in the inclusions distinguishes them from Dohle bodies or the inclusions associated with the May-Hegglin anomaly. While isolated pictures of HeLa cells with presumed cytoplasmic and nuclear actin paracrystals have been published," this is the first case in which giant inclusions rich in F-actin were found in hematopoietic cells.
The F-actin-rich inclusions were observed in both the nuclei and the cytoplasm.
Within the cytoplasm, they were usually located away from the plasmalemma, or more centrally. The underlying defect leading to the formation of these inclusions is not as yet defined. However, it is unlikely that the inclusions are the result of infection since we have examined a number of patients with common acute bacterial infections either before or after receiving antibiotics and have found no such abnormality (T. Howard, unpublished observations, October 1993). Recently, Listeria rnonocytogenes has been shown to form "balls" of actin within the cytoplasm of infected cells." Electron micrographs of these infected cells reveal an extensive network of short actin filaments surrounding the organisms.'* We do not believe this is the basis of our patient's symptoms because he had no other clinical manifestations associated with infection. In addition, electron microscopic studies of the cells containing inclusions failed to show intracellular organisms. Further, it is unlikely that the inclusions are the result of nonspecific oxidant denaturation of cysteine-rich proteins like actin as a common final pathway for pro-oxidative damage by metabolic defects in hematopoietic cells. This unlikelihood is borne out by observations on patients with metabolic defects in the glutathione pathway.'9.20 Significant glutathione peroxidase and glutathione synthetase deficiencies in PMNs have been documented and in neither case have any cytoplasmic inclusions been identified. The fact that the number of hematopoietic cells containing F-actin inclusions decreased over time, and that the clinical manifestations resolved without specific treatment suggest that developmentally regulated compensatory mechanisms evolved with age.
Morphologically similar cytoplasmic inclusions in hematopoietic cells were noted by Smith" in Romanowskystained bone marrow and peripheral blood from a 16-weekold boy with congenital atresia of bile ducts and livedo reticularis of the skin. Definitive studies to determine the nature of the inclusions were not performed, and it is not known whether these inclusions consisted of actin. In addition, the clinical characteristics of our case differ from those described by Smith.
Disorders of actin function or structural organization leading to neutrophil dysfunction are rare. To date the disorders described are limited to three. Boxer et aIz2 have described a case of neutrophil actin dysfunction associated with lifethreatening infections. A recent report by Coates et alZ3 de- scribed a similar disorder with abnormalities in 47-kD and 89-kD proteins (NAD47/89) caused in part by overexpression of an actin-binding protein. 24 Finally, a case of a patient with numerous infections and defective actin function in binucleate neutrophils without inclusions has been reported." All three manifestations improved by 2 years of age. Abnormal cellular motility and defective F-actin polymerization was noted in all three patients, but none had had F-actin-rich inclusions in their PMNs. Despite mild, intermittent neutropenia and abnormal neutrophil migration, our patient did not have an unusual number of infections.
Although actin plays crucial roles in cellular membranes and particularly in neutrophil motility,z6-3' the lack of clinical significance may be explained by the presence of morphologically and functionally normal subpopulations intermixed with an abnormal population of neutrophils. Severe clinical manifestations of PMN dysfunction are usually limited to the most profound disorders. and the subpopulation of normal cells in our case could be protective. For example, Anderson et aI3' have shown that the frequency and seventy of infectious episodes in patients with CD11/CD18 leukocyte glycoprotein deficiency correlates with the degree of the deficiency: mild to moderately deficient patients have few infections, whereas severely deficient patients have recurrent bacterial infections. The fact that our patient had a functionally normal subpopulation of neutrophils is clear from the studies showing that basal F-actin and actin polymerization were elevated and defective in the inclusion-positive PMNs subset but normal in the subset of PMNs without the inclusions. It is possible that the hematopoietic cells with higher content of actin and defective actin polymerization would have decreased deformability of cell membranes, resulting in short cell survival or decreased motility.
The mechanism(s) underlying our patient's ineffective erythropoiesis and the abnormal skin discoloration during severe anemia remains elusive. Congenital or toxic methemoglobinemia was ruled out based on the absence of a history of exposure to xenobiotic compounds and lack of hipoxemia. In addition, patients with moderate to severe methemoglobinemia tend to develop compensatory erythocytosis, which was not present in our patient. Because the major cytoskeletal protein of the RBCs, spectrin, is an actincrosslinking protein,j' abnormal actin polymerization and function might cause alterations of cytoskeletdl structure in a subpopulation of RBCs, potentially leading to chronic anemia and ineffective erythropoiesis. Because the patient was For personal use only. on October 22, 2017. by guest www.bloodjournal.org From receiving PRBCs on a monthly basis when he was referred to SJCRH, no clinical signs of ineffective erythropoiesis were noted, and we were unable to evaluate red cell cytoskel-eta1 proteins.
In our patient, abnormal platelet aggregation and occasional thrombocytopenia may reflect abnormalities in the functional organization of platelet contractile proteins, which have important roles in motility, secretion, and condensat i~n .~~ Among these platelet proteins, actin is the most abundant?' Recent studies of the organization of platelet actin have indicated at least two important roles in platelet physiology. First, in pseudopods the aligned actin microfilaments form a paracrystalline lattice, suggesting that crosslinks may stabilize the parallel associated actin filaments and result in the cohesive force necessary to deform the platelet membrane. Second, when platelets are stimulated by the interaction of an agonist with their surface receptors, tight rings of actin filaments form around granules, which are forced into the center of the platelets where the granule contents are released into the open canalicular system.36 It is possible that abnormal actin polymerization explains at least in part the platelet aggregation abnormalities found in our patient.
This patient had a novel complex of signs and symptoms-giant actin inclusions in hematopoietic cells, severe anemia during infancy, intermittent neutropenia and thrombocytopenia, abnormal neutrophil migration and platelet aggregation, and grey skin discoloration when anemic-that we have initially, in abstract form, termed "Brandalise synd r~m e , "~' after the physician who recognized the uniqueness of his hematologic condition. The symptoms and signs of this clinical condition have resolved with age, but the giant intracellular actin inclusions, although diminishing in frequency, persist to the present.
